While initiation of transcription has attracted the most attention in the field of gene regulation, it has become clear that additional stages in the gene expression cascade including post-transcriptional events are under equally exquisite control. The seminal discovery that short RNAs (microRNA, small interfering RNA, Piwi-interacting RNA), play important roles in repressing gene expression has spurred a rush of new interest in post-transcriptional gene silencing mechanisms. The development of affinity tags and high-resolution tandem mass spectrometry (MS/MS) has greatly simplified the analysis of proteins that regulate gene expression. Further, the use of DNA microarrays and 'second generation' nucleic acid sequencing ('deep sequencing') technologies has facilitated the identification of their regulatory targets. These technological advancements mark a significant step towards a comprehensive understanding of gene regulatory networks. The purpose of this review is to highlight several recent reports that illustrate the value of affinity-purification (immunoprecipitation) followed by mass spectrometric protein analysis and nucleic acid analysis by deep sequencing (AP-MS/Seq) to examine mRNA after it has been transcribed. The ability to identify the direct nucleic acid targets of post-transcriptional gene regulatory machines is a critical first step towards understanding the contribution of post-transcriptional pathways on gene expression.
INTRODUCTION
Continued technological advancements in the fields of functional genomics and proteomics have secured these approaches as central methodologies in determining gene regulatory networks. An important first step in achieving this goal is to identify the protein complexes that regulate all stages of the process, namely transcription, mRNA processing, directed mRNA localization, mRNA stability and translation [1] . Over the past 30 years, many regulatory machines have been identified with the majority being involved at the level of mRNA transcription (e.g. initiation and elongation). Comparable studies of machines that regulate post-transcriptional processes have generally lagged behind.
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Mass spectrometry (MS) has been successfully applied to many important biological questions, arguably the most fruitful application has been to identify co-purifying proteins from affinity purified (AP) samples, referred to as 'AP-MS' [2] . AP-MS experiments often identify novel interactions and unexpected relationships among proteins, and they have become a common approach to gain insight into protein function. The reduced complexity of immunopurified samples and improved MS technologies, which include faster scan speeds and improved mass accuracy, allow sequencing of virtually all of the polypeptides present in a complex including components at extremely low concentrations (attomolar). Such analyses can yield a wealth of information regarding not only the constituents of a single protein complex, but can also reveal potential interactions between protein complexes. From this, an investigator may draw information about linked functions between the co-purifying complexes. A large-scale AP-MS survey in budding yeast has revealed cross-talk between many protein complexes from different functional categories. For example, several connections were found between protein complexes involved in transcription and metabolism, or metabolism and defense [3] .
After years of focusing on the identification and characterization of protein factors that regulate gene expression, many groups are now extending these investigations by performing high-throughput (or whole genome) analysis of their target nucleic acids. Specifically, the utilization of chromatin immunoprecipitation in combination with DNA microarrays (ChIP-on-chip) and more recently 'second-generation' DNA sequencing technologies (ChIP-Seq) has proven effective in identifying target genes of various transcription factors (TFs) [4, 5] . The new generation DNA sequencing is a large-scale parallel sequencing system known for unbiased, long, accurate sequence reads at high speed and comparatively low cost. In combination with bioinformatic analysis, these complementary approaches have proven valuable for identification of the cis-acting sequence(s) recognized by TFs and the specific genes that they target for activation or repression. Several excellent reviews describe the importance of ChIP-on-chip analysis for the determination of transcriptional regulatory networks [6] .
This review will discuss recent reports that highlight the merit of analyzing the nucleic acid and protein components of immunopurified post-transcriptional regulatory complexes, and how these approaches aid the construction of gene regulatory networks. MicroRNA (miRNA) and small interfering RNA (siRNA) down-regulate gene expression by various mechanisms involving translational repression and accelerated mRNA turnover [7] . Increased mRNA turnover is mediated by at least two distinct mechanisms. If the siRNA or miRNA is fully complementary to the target mRNA, then mRNA is targeted for endonucleolytic cleavage by the RNA-induced silencing complex (RISC, see below). By contrast, an imperfectly base-paired miRNA/mRNA is subject to accelerated turnover by the removal of the 3 0 poly(A) tail [8, 9] . The details of how miRNAs target mRNAs for translational repression are controversial and at least four mechanisms have been proposed [7] . The identification of the components of RISC and additional RISC-interacting proteins has provided much insight into the mechanisms by which miRNAs regulate gene expression.
Post-transcriptional gene silencing (PTGS) contributes to gene regulatory networks
The utility of the AP-MS/Seq approach to uncover gene regulatory networks is well illustrated by recent studies of the RISC. The core RISC proteins are the Argonaute (Ago) family members, which bind mi/siRNA. Ago2 additionally possesses the endonucleolytic 'slicer' activity (for details on RISC, see ref. [10] ). The identification of additional proteins that help Ago to repress gene expression has been an area of intense research. RISC most often targets mRNA through specific base pairing between its bound small RNA and the 3 0 untranslated region (UTR) of the mRNA, which leads to translational repression and/or RNA degradation [7] . Exactly how RISC selects specific miRNAs and their targets, and what determines their functional outcome is an active area of research. Affinity purification has proven valuable in providing answers to these important biological questions. RISC proteins are often isolated by immunoprecipitation of endogenous or epitope-tagged Ago proteins ( Figure 1A ). The Ago cofactors are identified by MS/MS and the miRNA and mRNA components analyzed by 'second-generation' DNA sequencing. By examining the mRNA sequences for matched miRNA seed sequences, miRNA/mRNA pairs associated with RISC have been identified. Immunoprecipitations of endogenous or tagged proteins specific for various RISC components facilitate the isolation of RISCs. Protein components are identified by tandem MS. In parallel, RNA is extracted and analyzed by second-generation sequencing or by cDNA microarrays. The identified mRNA sequences are searched for corresponding miRNA seed matches by computational methods such as TargetScan, miRanda, PITA and RNA22 all available online. (B) A method to elucidate potential miRNA gene regulatory modules, one miRNA and one PTGS factor at a time. Cellular gene expression networks are perturbed by the introduction of a single miRNA and the mRNA targets are identified after immunoprecipitation as described earlier. Once the target mRNAs are identified, the miRNA's effect on the mRNA's abundance can be determined by quantification using cDNA microarrays or second-generation DNA sequencing. The miRNA's effect on the corresponding protein levels can be interrogated by SILAC quantitative MS. The incorporation of many such experiments with various miRNAs allow for the determination of miRNA gene regulatory networks. Black circles in the center represent individual miRNAs and white/ grey circles, target genes. White circle represents target genes whose translation is repressed without changes in mRNA levels, grey circle represents targets with decreased mRNA levels, and mixed white/grey circle represents targets with decreased mRNA levels and repressed translation. The large dashed circle represents a network module (a single miRNA and its target genes). The modules are linked by target genes, which are repressed by more than one miRNA.
Argonaute family members and their protein cofactors
After the discovery of Agos as the primary effectors of the miRNA and siRNA pathways, multiple groups immunopurified Ago and used MS to identify associated factors such as Dicer, TRBP, MOV10, IMP8 and GW182/TNRC6 as critical components of the pathway [11] [12] [13] [14] (Table 1 ). The Ago family proteins are at the core of all RISCs; Dicer and TRBP play critical roles in the biogenesis/maturation of miRNAs, while TNRC6 proteins likely function within RISCs during the effector stage of the PTGS pathway. Interestingly, in many higher eukaryotes the core PTGS factors Ago and TNRC6 are present in multiple isoforms that can be distinguished through mass spectrometric identification of distinct peptides. It is possible that select mRNAs are targeted by RISCs composed of specific Ago or TNRC6 isoforms, or so-called 'RISC isoforms'. It is possible that the expression of mRNAs targeted by specific RISC complex isoforms may be repressed by distinct mechanisms. Ago proteins have also been unexpectedly identified in AP-MS experiments with proteins of controversial function, such as the Huntington's disease protein (Htt), for which there were previously no hints of an involvement in PTGS. Furthermore, Htt was found to localize at cytoplasmic processing (P)-bodies, sites of miRNA-mediated silencing, and shown to contribute to PTGS [15] . This discovery highlights the likely existence of additional yet undiscovered Ago cofactors.
To ask if interaction with Ago-associated proteins (e.g. Htt) is mediated through an RNA intermediate, co-immunoprecipitation (co-IP) experiments are performed in the absence and presence of RNase treatment. Such analysis has revealed that Ago's interactions with Dicer, p54/RCK and GW182/TNRC6B are not mediated by RNA since their recovery in the co-IP experiments was unaffected in the presence of RNase, whereas the interactions with DCP2 and MOV10 are likely mediated by RNA [16, 17] . It should be noted that while the identification of RNase sensitive Ago-associated proteins is likely informative, an insensitive interaction needs to be interpreted with caution, because the interaction may still be mediated by an RNA intermediate that is protected from RNAse digestion. Additionally, the AP-MS approach has proven more successful at identifying novel proteins associated with the PTGS pathway than yeast-2-hybrid (Y2H) screens, consistent with previous reports suggesting that AP-MS outperforms Y2H in the identification of proteins present in multi-subunit complexes [18] . Moreover, because RISCs are composed of multiple protein and ribonucleic acid components, they are more likely to be identified by direct purification than by binary protein interaction screens such as the Y2H. The successful identification of many PTGS protein factors by AP-MS offers a shining example of the power of this approach and further discoveries are anticipated.
microRNAs target RISCs to specific mRNAs
High throughput analysis of co-purifying nucleic acids using cDNA/oligonucleotide microarrays and more recently by deep sequencing has facilitated an in-depth look at the small RNA components of several RISC complexes from various model organisms. Careful examination of these small RNA species has provided insight into the specificity of various PTGS factors with respect to distinct small RNA classes. For example, deep sequencing of immunoprecipitates containing AIN1 and AIN2 [40, 14] All the data reported in the indicated references are combined for each affinity-purified protein.
(TNRC6 family proteins) from Caenorhabditis elegans revealed a large repertoire of mature miRNAs, but significantly fewer siRNAs and 21-URNAs, suggesting that these proteins work specifically with miRNAs and are unlikely to play a role in their biogenesis [13] . The Arabidopsis thaliana (At) genome encodes 10 Argonaute proteins (for Ago phylogenic analysis, see ref. [19] ) and a large number of small RNAs. To ask whether individual Agos show any specificity for small RNAs of a particular class, At Ago1, At Ago2, At Ago4 and At Ago5 immunoprecipitates were analyzed by deep sequencing [20] . Interestingly, miRNAs that co-purify with At Ago1 often favored a uridine nucleotide at the 5 0 end. In contrast, the At Ago2 and At Ago4 precipitates were enriched for small RNAs with a 5 0 terminal adenosine. At Ago5 also favored small RNAs but tended to select those with a cytosine at the 5 0 end. These results suggest that the 5 0 terminal nucleotide confers specificity for incorporation of small RNAs into distinct RISCs. These two examples demonstrate that biochemical purification followed by small RNA analysis provides a highly effective approach to determine which small RNAs are targeted by a given protein factor. Additionally, this approach offers a glimpse of the extraordinary complexity of the small RNA components involved in PTGS pathways.
mRNAs targeted by RISCs
After sorting out the protein factors and small RNA components of RISCs, biochemistry has been used to effectively identify their mRNA substrates, a critical step toward the elucidation of any gene regulatory network. Identification of mRNA targets remains a formidable challenge, and has been most often addressed through computational searches for miRNA-binding elements or 'seeds' [21] [22] [23] . Most often these bioinformatic approaches use evolutionary conservation of the seed as the criteria for the identification of miRNA-targeted mRNAs. Although this approach has been productive, different prediction algorithms have produced divergent results as well as many false positives. Recently there have been several successful biochemical ventures for the identification of mRNAs that physically co-purify with RISCs. An approach taken in Drosophila melanogaster (Dm) cells was to analyze the mRNAs and miRNAs from Dm Ago1 immunoprecipitates by reverse transcription and DNA microarray analysis [24] . Comparison of the identified miRNA seeds with the 3 0 UTR sequence of mRNAs revealed a significant enrichment for those mRNAs with miRNA seed matches. This analysis revealed a strong correlation between several miRNAs and their likely mRNA targets.
High-throughput sequencing of RNAs isolated by crosslinking immunoprecipitation (HITS-CLIP) has provided new and exciting data regarding mammalian Ago2 miRNA and mRNA targets from mouse brain [25] . This approach identified 454 miRNAs and 829 mRNA transcripts as direct Ago2 targets. By treating the crosslinked immunopurified sample with RNase, the investigators were able to obtain fragments of bound nucleic acids for high-throughput sequencing. The mRNA sequences obtained were subsequently mapped to the genome, and 'peak clusters' (stretches with the highest density) of sequence reads were obtained. This methodology provided sufficient data to determine where and how often Ago2 binds ('footprints') a given mRNA. The authors found that Ago2 binds most often (60%) within the 3 0 UTR and especially near stop codons (peaks at 50 nucleotides downstream). Bioinformatic analysis also revealed that on average there are 2 potential Ago2-binding sites per regulated transcript. Interestingly, these Ago2 footprints correlated well with the miRNA seed sequences and seed matches identified. To date, this approach has provided the most complete Ago2 miRNA-mRNA ternary interaction maps.
Another fruitful approach has been to use biochemically identified miRNA/mRNA pairs as benchmarks to determine the rules responsible for targeting. Computational RNA analysis of 3404 mRNAs identified from C. elegans AIN-1 and AIN-2 immunoprecipitates has revealed that these miRNA targets are enriched for several defining characteristics [26] . Enriched features include enhanced structural accessibility of target sequences (likelihood of being single stranded), total free energy of the miRNA/mRNA hybridization and base-pairing configuration to the 5 0 seed region of the miRNA. This analysis suggests that the presence of miRNA binding elements within the 3 0 UTR is not the only feature of an mRNA that determines the likelihood of targeting. Indeed, incorporation of these characteristics into a revised computational method provided a more robust search engine that identified miRNA seeds with a reduced false positive rate compared with current computational methods alone.
An insightful variation on this theme has been to analyze the mRNAs of Ago2 immunoprecipitates from human cells transfected with a wellcharacterized miRNA, miR124a [27] . This analysis revealed a shift of the co-purifying mRNA pool towards a population that contained miR-124a seed sequences. In a separate study, immunopurified Ago2 from HEK293 cells transfected with miR-124a also revealed an enrichment of mRNAs that contained the corresponding seeds [28] . Interestingly, quantitative microarray analysis of these putative target mRNAs revealed sets that were reduced in abundance as well as sets that were unaffected by transfection of miR-124a. This observation suggests that some mRNAs targeted by miR-124a are likely repressed at the level of translation without significant changes in mRNA levels. Taken together, these studies demonstrated that high throughput identification of miRNA targets by biochemical means compliments and augments bioinformatic approaches and helps to instruct the development of better algorithms, which will improve the certitude of seed sequence prediction.
microRNAs contribute to gene networks
More than 174 miRNA genes have been identified in C. elegans, 157 in D. melanogaster and 721 in humans based on the miRNA database miRBase (September 2009). Each miRNA is predicted to target hundreds of mRNAs, and based on the presence of seed sequences, an 'average' mRNA has been predicted to be regulated by 15 miRNAs [29] [30] [31] . Because a single miRNA can target multiple mRNAs, and many mRNAs are targeted by several different miRNAs, miRNAs possess a significant regulatory potential and are thus likely to play central roles in gene expression networks. It is easy to imagine a scenario in which miRNAs target a class of mRNAs coding for TFs and would indirectly reduce the activation of their target genes and therefore also reduce their protein production. In fact, a largescale computational analysis of miRNA targets has revealed that miRNAs target TFs more commonly than genes of other functional classes [32] . Consistent with this hypothesis, the combination of highresolution ChIP-Seq data, the identification of miRNA promoters, and quantitative sequencing of short RNA transcripts have connected miRNAs to mouse embryonic stem cell transcriptional regulatory circuits [33] .
Furthermore, a recent investigation in C. elegans has uncovered a composite miRNA/TF network characterized by high flow of information and feedback loops that provide coordinated control of gene expression [34] . First, to identify TFs that regulate miRNA promoters, a yeast one-hybrid approach was employed. This approach was successful in identifying 347 high confidence interactions between 63 miRNA promoters and 116 proteins (putative TFs). Next, a post-transcriptional network was created by computationally analyzing the candidate TF mRNAs for the presence of matched miRNA elements. Integration of these data revealed that a number of TFs that bind a miRNA promoter are themselves regulated post-transcriptionally by the transcribed miRNA. These studies provide an indication of the contribution of miRNAs on the integration of transcriptional regulatory circuits.
Recently, quantitative-mass-spectrometry by stable isotope labeling with amino-acids in cell culture (SILAC) and quantitative mRNA analysis by DNA microarrays have been combined to measure the simultaneous response of thousands of proteins and mRNAs after introducing or deleting a single miRNA [35] . This systems level analysis revealed that most mRNAs that were repressed contained seed matched sites for the overexpressed miRNA within their 3 0 UTRs. Hundreds of genes were found moderately repressed by a single miRNA. Comparison of mRNA and protein abundance revealed that mRNA destabilization was the most deterministic factor for gene repression. While this approach has yet to uncover regulatory networks, it highlights the potential rewards of performing large-scale analysis of thousands of miRNA targets. In-depth time-course experiments could further reveal the specific effects of a single miRNA not only on primary targets (those which contain seed matches) but their downstream effects on protein or mRNA levels.
CONCLUSION
Whilst it remains challenging to determine the relative contribution of PTGS to the overall function of a gene expression network, its inclusion bestows a more robust network than one governed by TFs alone. First, PTGS facilitates enhanced temporal regulation of gene expression by promoting turnover of key mRNAs. Second, the destruction of mRNAs provides the means for a 'revised' mRNA population, which may be subjected to differential regulation. Lastly, PTGS provides a key mechanism for spatially coordinated gene regulation at the level of local translation, a process known to be critical for cellular homeostasis in many biological contexts.
The essential first step towards a comprehensive understanding of PTGS and its influence on gene networks is the identification of the protein factors, miRNAs and target mRNAs. The addition or deletion of a single miRNA followed by the identification of miRNA and mRNA targets and downstream bioinformatic analysis should elucidate miRNA gene regulatory networks ( Figure 1B) . If the past findings are any indication of future success, then AP-MS/ Seq should continue to provide us with valuable insights into the components and targets of gene regulatory machines and will likely strengthen the existing miRNA seed identification algorithms. It is worth noting that in order to successfully utilize AP-MS/Seq, sufficient quantities of copurifying protein and RNA must be recovered. Once we have determined a complete catalog of the factors and RNA components involved, bioinformatics will allow us to integrate the components into meaningful functional networks.
Key Points
AP-MS/Seq has been used to identify both the protein and RNA components of RISCs. Characterization of the RNA (miRNA and mRNA) components from affinity purified samples offers a powerful approach to determine the guides and targets of PTGS pathways and will aid in the development of accurate computational miRNA element identification algorithms. Large-scale quantitative analysis of miRNA targets has revealed that gene expression is reduced by a combination of mRNA destabilization and translational inhibition. Inclusion of PTGS into transcriptional networks will reveal a more complete view of gene expression circuitry.
